Nicotiana tabacum (tobacco) cultivars possessing the N resistance gene to Tobacco mosaic virus (TMV) induce a hypersensitive response, which is accompanied by the production of phytohormones such as salicylic acid (SA) and jasmonic acid (JA), to enclose the invaded virus at the initial site of infection, which inhibits viral multiplication and spread. SA functions as a positive regulator of TMV resistance. However, the role of JA in TMV resistance has not been fully elucidated. Exogenously applied methyl jasmonate, a methyl ester of JA, reduced local resistance to TMV and permitted systemic viral movement. Furthermore, in contrast to a previous finding, we demonstrated that silencing of CORONATINE-INSENSITIVE 1 (COI1), a JA receptor, reduced viral accumulation in a tobacco cultivar possessing the N gene, as did that of allene oxide synthase, a JA biosynthetic enzyme. The reduction in viral accumulation in COI1-silenced tobacco plants was correlated with an increase in SA, and lowering SA levels by introducing an SA hydroxylase gene attenuated this reduction. Viral susceptibility did not change in a COI1-silenced tobacco cultivar lacking the N gene. These results suggest that JA signaling is not directly responsible for susceptibility to TMV, but is indirectly responsible for viral resistance through the partial inhibition of SA-mediated resistance conferred by the N gene, and that a balance between endogenous JA and SA levels is important for determining the degree of resistance.
Introduction
Jasmonic acid (JA) is a phytohormone that is involved in various physiological processes such as growth, development, metabolism and stress responses (Baldwin 2001 , Feussner and Wasternack 2002 , Howe 2004 , Lorenzo and Solano 2005 , Browse 2009 ). JA is formed from a-linoleic acid, an unsaturated C 18 fatty acid present in chloroplasts (Cheong and Choi 2003 , Wasternack 2007 , Schaller and Stintzi 2009 . The conversion of a-linoleic acid to 12-oxophytodienoic acid (OPDA) occurs through a series of reactions catalyzed by lipoxygenase, allene oxide synthase (AOS) and allene oxide cyclase. OPDA subsequently undergoes reduction and b-oxidation to form JA. JA biosynthesis was shown to be activated in response to diverse stimuli such as developmental cues, wounding, herbivore feeding and pathogen attacks (Wasternack and Hause 2002 , Stratmann 2003 , Ferry et al. 2004 , Schilmiller and Howe 2005 , Wu and Baldwin 2010 .
The hypersensitive response (HR) is one of the induced disease resistances that plants use to defend themselves against attack by pathogens. HR is characterized by rapid cell death at the site of the pathogen invasion, commonly resulting in the formation of necrotic lesions in which the pathogen is thought to localize, thereby inhibiting its multiplication and spread (Heath 2000) . The initiation of HR occurs when a product of a plant resistance (R) gene directly or indirectly recognizes the product of the corresponding pathogen avirulence gene (Carr et al. 2010 , Thomma et al. 2011 . Local HR is known to trigger long-lasting resistance, known as systemic acquired resistanceSA, JA and ET was shown to occur prior to or concomitantly with the appearance of necrotic lesions after viral infection in tobacco Nicotiana tabacum (tobacco) genotypes possessing the Tobacco mosaic virus (TMV) R gene N (De Laat and Van Loon 1983 , Malamy et al. 1990 , Enyedi et al. 1992 , Dohondt et al. 2000 , Seo et al. 2001 . Among these phytohormones, SA functions as a positive regulator of local resistance and SAR (Hunt and Ryals 1996 , Durner et al. 1997 , Durrant and Dong 2004 , Vlot et al. 2009 ). The activation of SA biosynthesis or signaling in many plant-pathogen interactions has been shown to result in the inhibition of JA biosynthesis or signaling and vice versa (Koornneef and Pieterse 2008 , Antico et al. 2012 , Thaler et al. 2012 .
The HR is generally effective against biotrophic pathogens, which require nutrition from living host cells, but not against necrotrophic pathogens, which kill host cells prior to feeding on them. Previous studies demonstrated that the activation of JA biosynthesis or signaling was required to induce resistance to necrotrophic pathogens and herbivores (Ferry et al. 2004 , Glazebrook 2005 , Ballaré 2011 ). The role of JA in resistance to biotrophic pathogens has also been reported. The exogenous application of methyl jasmonate (MJ), a volatile methyl ester of JA, to Hordeum vulgare (barley) seedlings induced systemic protection against powdery mildew disease caused by a biotrophic fungus (Walters et al. 2002) . The Arabidopsis JAinsensitive mutants CORONATINE-INSENSITIVE 1 (coi1) and JASMONATE-RESISTANT 1 (jar1) were shown to be more susceptible to powdery mildew disease than the wild type (Kloek et al. 2001 , Fabro et al. 2008 ). These results suggest that JA is positively involved in resistance to some powdery mildew pathogens, although the mechanism for regulating powdery mildew resistance by JA remains unclear.
Plant viruses completely depend on living host cells for multiplication; therefore, they are biotrophic pathogens. Few reports have investigated the role of JA in resistance to viruses. Endogenous JA was shown to increase in incompatible plantvirus interactions (Dohondt et al. 2000 , Kovač et al. 2009 ). Resistance to Turnip crinkle virus (TCV) in Arabidopsis was conferred by the R gene HRT, and HRT-mediated resistance was independent of JA signaling (Kachroo et al. 2000) . RCY1, a member of the HRT gene family, conferred resistance to the yellow strain of Cucumber mosaic virus in Arabidopsis. RCY1-mediated resistance also does not require JA signaling; however, JA signaling has been shown to modulate the activation of resistance by inhibiting SA signaling (Takahashi et al. 2002 , Takahashi et al. 2004 . The interaction between tobacco possessing the N resistance gene and TMV is a classic model system for studying R gene-mediated resistance. Our previous study using stable transgenic tobacco plants demonstrated that silencing of wound-induced protein kinase (WIPK) and SA-induced protein kinase (SIPK), both mitogen-activated protein kinases (MAPKs), resulted in the reduced accumulation of JA and enhanced local resistance to TMV in N. tabacum (Kobayashi et al. 2010) . Although our results suggested the role of JA as a negative regulator of TMV resistance, direct experimental evidence was insufficient. To determine the exact role of JA in N-mediated TMV resistance, we generated stable transgenic tobacco plants with reduced JA biosynthesis or signaling and analyzed their responses to TMV.
Results
Exogenous application of MJ reduced local resistance to TMV and permitted systemic viral movement
We previously showed that incubating TMV-inoculated leaf discs from Samsun NN tobacco, a TMV-resistant tobacco cultivar possessing the N gene, in a solution containing MJ enhanced both the size of local necrotic lesions and the accumulation of TMV RNA (Kobayashi et al. 2010) . To verify the inhibitory effect of the exogenous application of MJ on local resistance to TMV, leaves were subjected to an MJ vapor treatment. Samsun NN tobacco leaves were inoculated with TMV and incubated at 22 C in a sealed container containing MJ, and the accumulation of TMV RNA was quantitatively examined by real-time reverse transcription-PCR (RT-PCR). MJ vapor at 50 mmol l À1 enhanced the accumulation of TMV RNA (Fig. 1A) .
The inhibition of systemic spread is a hallmark of the TMV resistance response in tobacco cultivars resistant to TMV. The ability of exogenous MJ to abolish resistance to systemic viral spread was examined. First, we treated TMV-inoculated plants with MJ vapor; however, incubations lasting >7 d resulted in watery rot in all plants. Similar symptoms appeared in control plants exposed to a solution containing only ethanol, the solvent used to dissolve MJ. Therefore, we performed a spray treatment with an aqueous solution containing MJ. The second true leaf of tobacco plants was inoculated with TMV and treated by direct spraying with the MJ solution (500 mM) or H 2 O as a control on its leaf surface, and treated plants were then incubated in non-sealed containers. MJ-sprayed plants developed HR lesion-like necrotic lesions on the uninoculated upper leaves (the fourth or more leaf above the inoculated one) 10-12 days post-inoculation (d.p.i.) of the second leaf (Fig. 1B) . Control plants sprayed with H 2 O did not exhibit any symptoms of systemic lesion formation. To confirm whether the formation of necrotic lesions was caused by TMV spread from the inoculated lower leaf, the accumulation of TMV RNA was examined in the fourth and fifth leaves on which necrotic lesions appeared. TMV RNA was detected in the symptomatic upper leaves of MJ-sprayed plants, but not in the corresponding upper leaves of H 2 O-sprayed plants (Fig. 1C) .
Silencing of COI1 enhanced resistance to TMV in tobacco possessing the N gene To examine the role of JA signaling in TMV resistance, we generated Samsun NN tobacco plants in which NtCOI1, a tobacco ortholog of Arabidopsis COI1 (Shoji et al. 2008) , was silenced. To silence NtCOI1, an inverted repeat (IR) construct that included a 423 bp region of NtCOI1 cDNA (corresponding to amino acid residues 230-370) was introduced into Samsun NN tobacco plants using Agrobacterium tumefaciens ( Supplementary Fig. S1 ). Three transgenic lines with reduced levels of NtCOI1 transcripts (lines NtCOI1IR-2, NtCOIIR-4 and NtCOIIR-25) were selected for further analysis ( Fig. 2A) .
In Arabidopsis, mutations in COI1 led to reduced sensitivity to the JA inhibition of root growth (Feys et al. 1994 , Xu et al. 2002 . The effect of silencing NtCOI1 on JA insensitivity was evaluated by measuring the root length of seedlings grown on medium containing MJ. The application of MeJA at 25 or 50 mM strongly inhibited root growth in control plants transformed with only an empty vector ( Fig. 2B ; Supplementary Fig. S2 ). Such root growth inhibition was attenuated in all three NtCOI1IR lines. Because Arabidopsis coi1 mutants were previously shown to be defective in JA accumulation in response to wounding (Chung et al. 2008) , woundinginduced accumulation of JA was also examined. Reduced JA accumulation was observed in NtCOI1IR lines 2 h after wounding, at which time JA accumulation after wounding was shown to peak in tobacco (Baldwin et al. 1997 ; Fig. 2C ). In addition, the NtCOI1IR lines exhibited male sterility, a phenotype that was previously observed in coi1 mutants (Feys et al. 1994) . Thus, the response of NtCOI1-silenced tobacco was similar to that of the Arabidopsis coi1 mutants.
Resistance to TMV was assessed in each line by examining the formation of necrotic lesions and accumulation of TMV RNA in inoculated leaves. The timing of the appearance of necrotic lesions did not differ between NtCOIIR and control lines; necrotic lesions became visible by 2 d.p.i. However, the subsequent expansion of lesions was different. Lesion expansion ceased 3-4 d.p.i. in the NtCOIIR lines. The average lesion size in the NtCOIIR lines at 5 d.p.i. was approximately one-half that of the control line (Fig. 3A, B) . The NtCOI1IR lines accumulated markedly lower amounts of TMV RNA than the control line (Fig. 3C) . The zone of green tissue surrounding necrotic lesions turned yellowish green with time in the vector-only control line, whereas such yellowing did not occur in the NtCOIIR lines (Fig. 3A) . Silencing of COI1 was shown to cause systemic viral spread in N. benthamiana transformed with the N gene (Liu et al. 2004) ; however, none of the NtCOI1IR lines displayed any symptoms of HR in the uninoculated upper leaves after TMV inoculation of their lower leaves ( Supplementary Fig. S3 ). To investigate whether silencing of NtCOI1 altered the expression of defense-related genes, we examined the accumulation of transcripts for tobacco proteinase inhibitor-II (NtPI-II) and basic pathogenesis-related 1 (basic PR-1) genes, which were shown to be responsive to JA or pathogens (Brederode et al. 1991, Farmer and Ryan 1992) . The TMV-induced accumulation of NtPI-II and basic PR-1 transcripts was significantly inhibited in the NtCOI1IR lines (Fig. 3D) .
Silencing of allene oxide synthase, a JA biosynthetic gene, enhanced resistance to TMV in tobacco possessing the N gene
The results shown in Fig. 3 indicated that JA signaling was negatively involved in the regulation of resistance to TMV. To examine the involvement of JA biosynthesis in resistance, we focused on AOS, a key enzyme of JA biosynthesis. We isolated a full-length cDNA clone for a gene encoding AOS (NtAOS; accession No. AB778304) from tobacco leaves by PCR using primers that were designed based on the amino acid sequences of AOS (NaAOS) in N. attenuata (Ziegler et al. 2001) . A 500 bp region of this isolated clone (corresponding to amino acid residues 1-167) was used to silence NtAOS in Samsun NN tobacco ( Supplementary Fig. S1 ). Two transgenic lines (lines NtAOSIR-2 and NtAOSIR-10) with reduced levels of the NtAOS transcripts ( Fig. 4A) were used for further analysis. As expected, the IR lines failed to accumulate JA in response to wounding (Fig. 4B) . Similar to NtCOI1-silenced plants, NtAOS-silenced plants had small necrotic lesions and accumulated less viral RNA in response to infection with TMV ( Fig. 4C-E) . None of the NtAOSIR lines developed systemic HR.
The enhanced resistance to TMV in NtCOI1-silenced tobacco was partially due to enhanced SA levels SA is an endogenous signal that activates resistance to TMV in tobacco (Malamy et al. 1990 , Enyedi et al. 1992 , Vlot et al. 2009 ). The activation of JA biosynthesis or signaling has been shown to result in the inhibition of SA biosynthesis or signaling (Koornneef and Pieterse 2008 , Antico et al. 2012 , Thaler et al. 2012 . To examine whether silencing of NtCOI1 or NtAOS altered SA biosynthesis, the leaves of NtCOI1IR and NtAOSIR lines were inoculated with TMV, and endogenous amounts of SA and its glucoside (SAG) were determined after the inoculation. No significant difference was observed in total SA (sum of SA and SAG) levels before the inoculation in any of the lines (Fig. 5A, 0 d.p.i.) . The TMV-induced accumulation of total SA was enhanced in the NtCOI1IR and NtAOSIR lines. The percentage of total SA relative to control plants was 260% in NtCOI1IR-2, 278% in NtCOI1IR-4, 545% in NtCOI1IR-25, 410% in NtAOSIR-1 and 180% in NtAOSIR-10 (Fig. 5A, 5 d.p.i.) . The effect of silencing of NtCOI1 or NtAOS on SA signaling was also assessed by examining the TMV-induced expression of tobacco acidic PR-1 and PR-2 genes that were shown to be responsive to SA (Niki et al. 1998) . The levels of acidic PR-1 and PR-2 transcripts that accumulated in response to infection were slightly lower in the NtCOI1IR lines than in the control line, but the differences were not statistically significant (Fig. 5B, 5 d.p.i.) . No significant difference was observed in the levels of acidic PR-1 and PR-2 transcripts after the inoculation between the NtAOSIR and control lines. (0 h) and after (2 h) wounding. Values for (A) and (C) are the means ± SD from three independent measurements. Asterisks in (A) and (C) indicate significant differences from the control line (*P < 0.05, **P < 0.01).
To examine whether the higher concentration of SA in NtCOI1-silenced plants was responsible for the enhanced resistance to TMV, we attempted to reduce endogenous SA levels by introducing NahG, a gene encoding a hydroxylase that converts SA to catechol. The expression of NahG in tobacco plants possessing the N gene was previously shown to reduce the TMVinduced accumulation of SA (Gaffney et al. 1993) . A representative line (NtCOI1IR-4; IR4) was crossed with a transgenic tobacco line expressing NahG. Two hybrid lines, IR4/NahG and NahG/IR4, for which the NahG line was used as female and pollen parents, respectively, were obtained. The hybrid lines accumulated lower levels of NtCOI1 transcripts but higher levels of NahG transcripts (Fig. 6A) and were assayed for resistance. The average lesion size in the hybrid lines was larger than that in the IR4 line, but was smaller than that in the NahG line ( Fig. 6B; Supplementary Fig. S4 ). TMV RNA levels in the hybrid lines were 3-to 6-fold higher than those in the IR4 line, but were markedly lower than those in the NahG line (Fig. 6C, inset) . The TMV-induced accumulation of total SA in the hybrid lines was reduced by nearly the same level as that in the NahG line (Fig. 6D) . The level of total SA after the inoculation in the NahG/IR4 line, which exhibited high levels of NahG expression (Fig. 6A) , was higher than that in the IR4/ NahG line. Thus, NahG expression was not correlated with the amount of SA in the hybrid lines; however, the reason for this remains unclear. Only the slight induction of acidic PR-1 and PR-2 transcript accumulation was detected in the NahG line after the inoculation (Fig. 6E, 5 d.p.i.) . The two hybrid lines and their parental IR4 line exhibited the same level of acidic PR-1 and PR-2 transcript accumulation in response to infection.
COI1 was not involved in susceptibility to TMV
To examine whether the regulation of TMV resistance by NtCOI1 required the N gene, NtCOI1 was silenced in Samsun S tobacco, a TMV-susceptible tobacco cultivar that does not possess the N gene. Two lines (NtCOI1IR-S7 and NtCOIIR-S19) with reduced NtCOI1 transcript levels (Fig. 7A) were selected, and their responses to TMV were assessed by examining the accumulation of viral RNA. If the regulation of TMV resistance mediated by NtCOI1 occurred regardless of the presence of the N gene, NtCOI1-silenced Samsun S tobacco should have shown a similar reduction in TMV accumulation to that in NtCOI1-silenced Samsun NN tobacco. However, the NtCOI1IR-S7 and NtCOIIR-S19 lines developed the same mosaic symptoms on their upper leaves after the TMV inoculation of their lower leaves as those in the control line ( Supplementary Fig. S5 ). Furthermore, no significant difference was observed in the amount of TMV RNA in the inoculated leaves and symptomatic upper leaves between the IR and control lines (Fig. 7B, C) , which suggested that NtCOI1 was not involved in susceptibility to TMV.
To verify the result obtained using tobacco, an Arabidopsis coi1 mutant (Feys et al. 1994 ) was assayed for susceptibility to TMV. The leaves of the coi1-1 mutant plants in the Columbia (Col) background were inoculated with TMV-Cg, a strain that multiplies and spreads in several Arabidopsis accessions including Col (Ishikawa et al. 1991 , Arce-Johnson et al. 2003 . The coi1-1 mutant plants accumulated the same level of viral RNA as that in the wild-type plants ( Supplementary Fig. S6 ).
Discussion
The role of JA in TMV resistance in tobacco was examined in this study with an exogenous MJ treatment and stable transgenic plants, in which JA signaling or biosynthetic pathways were suppressed. Exogenously applied MJ increased the level of TMV accumulation in inoculated leaves and caused systemic HR. Conversely, silencing of NtCOI1 or NtAOS decreased the level of TMV accumulation. These results clearly indicated that JA was involved in negatively regulating resistance to TMV in tobacco. This finding is partially supported by a previous report in which the suppression of a phenylpropanoid gene, resulting in both a reduction in SA accumulation and enhancement in JA accumulation, was shown to attenuate SAR to TMV in tobacco (Felton et al. 1999) . Liu et al. reported that silencing of NbCOI1 compromised resistance to TMV in N. benthamiana transformed with the N gene (Liu et al. 2004) , which was in contrast to our result with NtCOI1. Although it is difficult to explain these contradictory results, one possibility may be differences in the experimental systems used. Liu et al. used an Agrobacterium-mediated virus-induced gene silencing assay to silence NbCOI1 transiently. Because infecting plants with Agrobacterium alters the expression of various host genes (Ditt et al. 2001) , N. benthamiana plants infected with Agrobacterium may alter the expression of the host genes involved in TMV resistance.
SA has been shown to inhibit the accumulation of TMV RNA in tobacco (Chivasa et al. 1997 ). An increase in endogenous SA was observed in NtCOI1-or NtAOS-silenced plants (Fig. 5A) . Lowering SA levels in NtCOI1-silenced plants by ectopically expressing NahG led to enhanced TMV accumulation (Fig. 6) . However, the degree of TMV accumulation in the NtCOI1-NahG hybrids was markedly lower than that in the parental NahG plant. These results suggest that JA signaling and, possibly, JA biosynthesis are indirectly responsible for TMV resistance through modifications to SA-dependent and SA-independent resistance pathways. These findings also suggest the presence of a factor other than SA involved in TMV resistance. Further studies to identify the unknown factor are required.
Despite exhibiting enhanced SA accumulation, neither NtCOI1-nor NtAOS-silenced plants showed an enhancement in acidic PR-1 and PR-2 expression (Fig. 5B) . One possible explanation for this phenomenon is that the expression of acidic PR-1 and PR-2 genes in these plants was regulated through an SA-independent, rather than an SA-dependent, signaling pathway, which is supported by the reduction in acidic PR-1 and PR-2 gene expression in NahG plants being attenuated by crossing with NtCOI1-silenced plants (Fig. 6E) . In this model, it is possible that JA itself or NtCOI1, or both, play major roles in the regulation of SA-independent PR gene expression, whereas they play only minor roles in that of SA-dependent PR gene expression. Whether the unknown factor described above functions in the SA-independent signaling pathway remains to be determined.
JA and SA can have mutually antagonistic functions; however, such a relationship is not always seen. For example, an elevation in JA levels was not observed in NahG tobacco plants after wounding or infection with a HR-inducing bacterial pathogen (Felton et al. 1999 , Mur et al. 2006 . Taken together with the findings in NahG tobacco and the minor role of JA in the regulation of SA-dependent gene expression that was observed in the present study, the mutual antagonism between JA and SA appears to be partially involved in the resistance response of tobacco to TMV. Nevertheless, our results indicate that a balance between endogenous JA and SA content is important for determining the degree of resistance to TMV. The importance of the endogenous JA/SA balance in defense responses has been shown previously (Li et al. 2004 .
Silencing of NtCOI1 in Samsun S tobacco, a tobacco cultivar susceptible to TMV, did not inhibit the accumulation of TMV (Fig. 7) , which indicated that JA was not involved in susceptibility to TMV in tobacco. This result is consistent with a recent report in which silencing of an activator of JA biosynthesis did not alter susceptibility to TMV in tomato (Hind et al. 2011) . Thus, the JA-mediated host response to TMV is regulated by R genes such as the N gene.
Exogenously applied MJ increased the size of local necrotic lesions and induced systemic HR, which was probably caused by movement of the virus from the inoculated lower leaves. This finding is compatible with the result that NtCOI1-or NtAOSsilenced plants produced relatively small necrotic lesions and did not develop systemic HR. The phenomenon in NtCOI1-or NtAOS-silenced plants is different from the phenotype of WIPKand SIPK-silenced tobacco plants in which small local necrotic lesions formed, but systemic HR occurred in response to viral infection (Kobayashi et al. 2010) . One possible explanation is that the enclosure of TMV in local necrotic lesions was complete in NtCOI1-or NtAOS-silenced plants, whereas viral enclosure was not complete in WIPK-and SIPK-silenced plants. Alternatively, the function of JA in systemic resistance may be different from that of WIPK and SIPK.
During TMV-induced HR, WIPK and SIPK were shown to regulate JA accumulation positively and to regulate SA accumulation negatively (Kobayashi et al. 2010) . Therefore, these MAPKs may be involved in regulating TMV resistance by controlling the balance between JA and SA levels. Another candidate plant MAPK that may be involved in TMV resistance is MPK4, a positive regulator of JA signaling and a negative regulator of SA biosynthesis (Petersen et al. 2000) . Whether MPK4-type MAPKs are involved in TMV resistance will be the subject of future investigations.
Materials and Methods

Plant materials and growth conditions
Tobacco (Nicotiana tabacum cv. Samsun NN and Samsun S) plants were grown at 25
C with 16 h of light at 120 mmol m À2 s
À1
. Transgenic tobacco plants expressing NahG have been described previously (Kobayashi et al. 2010) . Unless otherwise stated, 50-to 60-day-old tobacco plants were used for each analysis. Arabidopsis thaliana wild-type and coi1-1 mutant plants, which are in the Col background, have been described previously (Seo et al. 2012) and were grown at 20 C with 10 h of light at 100-120 mmol m À2 s À1 for 4 weeks.
TMV inoculation
TMV-OM and TMV-Cg were used for tobacco and Arabidopsis, respectively. Unless otherwise stated, the third true leaf (the third leaf position above the hypocotyl) of tobacco plants and rosette leaves of Arabidopsis plants were used for inoculation. Inoculation was performed by gently rubbing the leaf surface with Carborundum (silicon carbite) and a 0.4 mg ml À1 viral suspension in 10 mM phosphate buffer (pH 7.0). After rinsing under a gentle stream of tap water, the inoculated plants were incubated at 22
À1
.
Methyl jasmonate treatment
Liquid MJ was purchased from Wako. MJ was dissolved in ethanol to 100 mM, diluted with sterilized H 2 O and used for the spray treatment and root growth assay. Aliquots of liquid MJ solutions were dissolved in 150 ml of ethanol to generate 10 or 50 mmol l À1 MJ vapor for the vapor treatments. The leaves of tobacco plants for the vapor treatment were inoculated with TMV and placed in a sealed plastic container (15 liters) in which an absorbent cotton pad containing 10 or 50 mmol l À1 MJ or 150 ml of ethanol was placed as a control. The surfaces of the second true leaf (the second leaf position above the hypocotyl) of tobacco plants for the spray treatment were inoculated with TMV. After air-drying for 30 min, the inoculated leaf was treated by direct spraying with an aqueous solution containing 500 mM MJ or H 2 O as a control on its leaf surface. The treated plants were incubated without sealing the container. Spraying of the inoculated leaf with MJ was performed once every 3 d.
Two-week-old tobacco seedlings grown on Murashige and Skoog medium for the root growth assay were transferred to the same medium containing MJ prepared from the 100 mM stock solution and incubated for 7 d, and the lengths of the roots were measured.
Vector construction, cloning and tobacco transformation
A 423 bp region of NtCOI1 cDNA (corresponding to amino acid residues 230-370; Shoji et al. 2008 ) was inserted into the BamHI and KpnI sites of a modified binary vector, pBE2113 (Mitsuhara et al. 1996 , Ohstubo et al. 1999 , separated by a 989 bp region of the -glucuronidase (GUS) gene (corresponding to nucleotide positions 821-1,809; Jefferson et al. 1986) , to obtain the NtCOI1IR construct.
To clone the full-length cDNA for the tobacco allene oxide synthase (NtAOS) gene, RT-PCR was performed using total RNA from Samsun NN tobacco leaves and a set of primers (5 0 -ATGGCAGTAGCAACAGCAACAG-3 0 and 5 0 -ACGCCGTTC AAAAACTAAGC-3 0 ) designed based on the amino acid sequences of the open reading frame region of the Nicotiana attenuata AOS (NaAOS; Ziegler et al. 2001) gene. The resulting PCR products were cloned into the vector pCR2.1 (Invitrogen) and sequenced. NtAOS had 94% amino acid identity with NaAOS. A 500 bp region of the NtAOS cDNA (corresponding to amino acid residues 1-167) was inserted into pBE2113 to obtain the NtAOSIR construct.
All IR constructs were used to transform tobacco by the leaf disc co-cultivation method using A. tumefaciens LBA4404 as described previously (Seo et al. 2007 ). Kanamycin-resistant transformants were selected for reduced NtCOI1 or NtAOS expression by real-time RT-PCR analysis. Multiple independent lines with the greatest reduction in NtCOI1 or NtAOS expression were isolated. NtCOI1-silenced lines exhibited male sterility and, thus, were hand-pollinated. NtAOS-silenced lines also exhibited male sterility similar to the Arabidopsis aos mutants (Park et al. 2002) , and their flowers were treated with 500 mM MJ to recover their fertility. The IR4/NahG and NahG/IR4 lines were obtained by crossing the NtCOI1IR-4 line with the NahG line.
RNA extraction and real-time RT-PCR
Total RNA was extracted using TRIzol reagent (Invitrogen) in accordance with the manufacturer's instructions. Total RNA was reverse transcribed into cDNA using an iScript cDNA Synthesis kit (Bio-Rad), and dilutions of cDNA were used as templates in real-time PCR using a SYBR Green kit (Bio-Rad) with gene-specific primers designed using Beacon Designer ver. 3.01 (Premier Biosoft). Relative expression levels were calculated using the 2 -ÁÁCT method (Livak and Schmittgen 2001) with Ntactin (5 0 -GGGTTTGCTGGAGATGATGCT-3 0 and 5 0 -GC TTCGTCACCAACATATGCAT-3 0 ) for tobacco or -actin (5 0 -G GTAACATTGTGCTCAGTGGTGG-3 0 and 5 0 -GGTGCAACGAC CTTAATCTTCAT-3 0 ) for Arabidopsis as internal controls. The specificity of the real-time RT-PCR and the size of the PCR products were confirmed by agarose gel electrophoresis of the amplicons. The gene-specific primers used were as follows: for NtCOI1, 
Phytohormone measurements
Quantification of JA, SA and SAG was performed as described previously (Seo et al. 2007 ).
Accession numbers
Sequence data from this article can be found in the GenBank/ EMBL/NCBI/DDBJ data libraries under the following accession numbers: AB433899 (NtCOI1), AJ295274 (NaAOS), AB778304 (NtAOS), Z29537 (NtPI-II), D90196 (acidic PR-1), M60460 (acidic PR-2), X66942 (basic PR-1), X63603 (Ntactin) and At3g18780 (-actin).
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